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Abstract This study evaluated the effects of abattoir
wastewater irrigation on plant growth and development.
The soils used in this study were collected from Primo
Smallgoods Abattoir (Port Wakefield, South Australia)
at different sites such as currently irrigated (CI), current-
ly not irrigated (CNI) and soil outside the irrigation area
as control (CTRL). A completely randomised block
design was employed for the plant growth experiment,
where four crops (Pennisetum purpureum, Medicago
sativa, Sinapis alba and Helianthus annuus) were
grown separately on three different soils (CI, CNI and
CTRL) in plastic pots. Two types of water (tap water
and wastewater) and two loadings were applied
throughout the planting period based on the field capac-
ity (FC 100 and 150 %). The overall dry matter yield
was compared between the soils and treatments. Under
wastewater irrigation, among the four species grown in
the Cl soil, P. purpureum (171 g) and H. annuus (151 g)
showed high biomass yields, followed by S. alba
(115 g) and M. sativa (31 g). The plants grown under
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tap water showed about 70 % lower yields compared to
the abattoir wastewater irrigation (AWW). Similar
trends in the biomass yields were observed for CNI
and CTRL soils under the two water treatments, with
the biomass yields in the following order CI > CNI >
CTRL soils. The results confirm the beneficial effects of
AWW at the greenhouse level. However, a proper
cropping pattern and wastewater irrigation management
plan is essential to utilise the nutrients available in the
wastewater-irrigated land treatment sites. The increase
in fertility is evident from the effects of wastewater on
biomass growth and also the abundance of nutrients
accumulated in plants. A mass balance calculation on
the applied, residual and the plant-accumulated nutrients
over a few cropping periods will help us in understand-
ing the nutrient cycling processes involved in the
abattoir-irrigated land treatment sites, which will serve
as an effective tool for the environmental management.

Keywords Abattoir- Wastewater - Irrigation - Nutrients -
Phytoremediation - Plant height and dry matter

1 Introduction

Wastewater reuse is an important component of sustain-
able water resource management; water reuse from var-
ious wastewater sources after removing the pollutants,
nutrients and pathogens provides an option for water
security (Grant, 2011). The management of AWW is
one of the key priority areas of research to overcome
Australia’s future water demand for agriculture and
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remediation of contaminated sites (The Australian
National Water Commission, 2011). A high percentage
of wastewater undergoes primary and secondary treat-
ment before being released into the environment
(Arvanitoyannis and Ladas, 2008). The discharged ef-
fluent can be used for irrigation as it is a free source of
nutrients which potentially boosts production and also
reduces fertiliser inputs (Toze, 2006). Abattoir wastewa-
ter is a rich source of nutrients even after primary
treatment, resulting in high cost for further treatment
and disposal (Li and Huang, 1986).

The abattoir wastewater (AWW) derives organic
loads from different sources. For example, animal
manure contributes significant amounts of pollut-
ants to the abattoir effluent containing N, P, and
organic carbon (Meat Livestock Australia (MLA),
2012). In comparison with other wastewater
sources, AWW possesses the highest concentration
of organic load, with high volume of COD
(8000 mg/L), proteins (70 %) and suspended
solids (15-30 mg/L) (Ruiz et al., 1997).
Australia’s agricultural industries have experienced
rapid growth in recent years, with nearly 152
abattoirs, 1798 wine industries, 9256 dairy farms
and 1835 piggeries in operation. The rapid growth
of Australian abattoirs has been paralleled by the
number of animal slaughtered (Matheyarasu et al.,
2012). The ever increasing number and volume of
effluents discharged leads to a range of environ-
mental issues in Australia such as water pollution,
soil degradation and accumulation of toxic metals
in plants and animals (Raghupathi et al., 2014).
For instance, the production of meat results in the
generation of wastewater with significant amount
of pollutants, nutrients and pathogens. Moreover,
these agricultural industries are also responsible for
global warming and climate change (Dudgeon
et al., 2006). To overcome the above problems
caused by agricultural industries, sustainable alter-
native methods are needed which will not only
reduce the pressure on global fresh water resources
but also help in meeting the demands of water for
households, industries, agriculture and environment
(Arnell, 1999). It is most essential that industries
adopt various best practices/low-cost technologies
to reduce their water use and cost (Bolan et al.,
2011; Bixio et al., 20006). Irrigation of wastewater
is a potential low-cost approach of wastewater
management and is a good source of nutrients
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for infertile soils (Reuter et al., 1997; Rivera
et al., 1997). Australia, with several meat-based
industries, needs to manage animal wastes and
effluents using low-cost technologies (Australian
Bureau of Statistics ABS, 2011; Australian Meat
Processor Corporation AMPC, 2012). The amount
of organic load, N and P and organic carbon
concentration can be reduced by prior collection
of manure before wash down, which will reduce
effluent loading with high concentrations of pol-
lutants (Reuter et al., 1997). Abattoir wastewater is
the richest source of N and P; hence, it can be
treated as an alternative source of nutrient provider
for low-fertile soils (Rivera et al., 1997).
Agricultural industries require additional capital to
treat and discharge effluent. This is a potentially
major limiting factor for the small- and medium-
scale industries.

Phytoremediation of contaminated soil irrigated with
effluent from agriculture industries by high biomass-
producing plant species is a cost-effective technique to
reduce the risk of nutrients and bioorganic compounds
reaching the aquatic environment (Marmiroli et al.,
2011). Using high biomass-producing plants (e.g.
Pennisetum purpureum and Arundo donax) as
remediators, which also have the potential to uptake
high amounts of nutrients and heavy metals, can serve
as a cost-effective technology (Reuter et al., 1997;
Australian Meat Processor Corporation AMPC, 2012).
The overall objective is to study the effect of AWW
irrigation on soil fertility changes and plant productivity
under greenhouse conditions. The plant growth exper-
iment will aim to examine the effects of AWW irriga-
tion on soil fertility and productivity of four different
plant species in terms of dry matter (DM) yield without
adding any other growth substances such as chemical
fertilisers. Four different plant species (P. purpureum,
Medicago sativa, Sinapis alba and Helianthus annuus)
were grown in three soils which varied in their fertility
status as affected by previous AWW irrigation. These
soils include currently irrigated (CI), currently not irri-
gated (CNI) and control (CTRL) soils from the abattoir
site at Port Wakefield, South Australia. The specific
objectives of the experiments in this paper are as fol-
lows: (a) to evaluate the effects on AWW irrigation on
nutrient mass balance in soil; (b) to determine the
effects of AWW irrigation on plant productivity of four
different species at two different irrigation rates and (c)
to evaluate the most suitable plant species, irrigation
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intensity and irrigation type. This paper will also dis-
cuss the efficacy of high biomass-producing plant spe-
cies in the high-, moderate- and low-fertile soils by
altering crop irrigation and nutrient loading rates.

2 Materials and Methods

2.1 Contaminated Site Assessment and Soil Sample
Collection

The study area (sampling site) is situated at 89.7 km
north of Adelaide, South Australia. The latitude and
longitude of the study area are 34° 8" 26.60” S and
138° 11" 7.35" E, the range is 749 m and the elevation
of the treatment site is generally flat ranging from
13.5 m Australian Height Datum (AHD) to 14.5 m
AHD. The region has mean annual rainfall of
287.3 mm and annual mean maximum temperature of
22.8 °C and minimum temperature of 10.7 °C.

Abattoir wastewater and soil under abattoir wastewa-
ter irrigation were collected from a land treatment site
and compared with nearby control soil (CTRL). There
were two treatment sites (32 ha), irrigated and non-
irrigated (CI and CNI), which have been alternatively
used for wastewater irrigation (with 2-year intervals).
The irrigated and CTRL soil were collected, air-dried
and sieved to <2 mm for physio-chemical characterisa-
tion. Both the CI and CNI sites were under long-term
wastewater irrigation to manage wastewater economi-
cally, and they were used for forage production, alterna-
tively. The land treatment site (CI) has received around
385 mm of secondary treated effluent applied over the
year at the rate of 32 mm per month. The CI soil also
received additional 310 mm of water through rainfall,
during the period (2012). In the study site, the rate of
irrigation was not adjusted according to annual rainfall,
since it was intended for land treatment.

The stored soil samples as collected from different
location and depths were analysed for pH, electrical
conductivity (EC), nitrogen (N), phosphorus (P), carbon
(C) and micro-nutrients. Soil analyses were performed
following standard methods as described in the Soil
chemical methods: Australasia (Rayment and Lyons,
2011) manual. Soil pH was measured in water using

measured concentration(mg/kg of soil ) x BD (kg / m3) x depth (m) x area 10°m?/ha

glass electrodes at 1:5 soil-water ratio. Soil EC was also
measured at the same time using an EC metre. Soil total
C and total N were estimated by dry combustion on air-
dry soil using a LECO 2000 CNS analyser (Sparling
et al., 2006). Olsen P was estimated by soil extraction
with sodium bicarbonate (0.5 M at pH 8.5) and mea-
sured by molybdenum blue method (Olsen et al., 1954).
Absorbance was measured at 882 nm in an Agilent
UV-visible spectroscopy system (Germany), and the
Olsen P concentration was calculated by preparing a
calibration curve against the standards. The total P and
micro-nutrients were determined using inductively
coupled plasma-optical emission spectrometry (ICP-
OES), with acid-digested soil samples (1:3 ratio of
concentrated nitric-hydrochloric acid mixture/aqua
regia) (Chen and Ma, 2001). Similarly, available N
(nitrate-N and ammonia-N) was measured using the
SKALAR SANS system (analyser) with potassium
chloride (2 M)-extracted soil samples (Luo et al., 2004).

Farm nutrient budgets can be calculated using infor-
mation obtained from nutrient input and plant uptake
(Bennett et al., 2001), which can act as an essential tool
to calculate the effective nutrient budget for avoiding
nutrient loss to the environment (Oenema et al., 2003;
Gourley et al., 2007). Annual nutrient loading from the
slaughter house wastewater measured an average of
180 mg/L N and 30.4 mg/L P. The plant nutrient uptake
can be increased when irrigated with nutrient-enriched
wastewater (Morin et al., 2007). Annual nutrient loading
used for the mass balance was calculated with the fol-
lowing equations (1 to 4):

concentration (g/m?) x Trrigation load (m?/ha) (1)

Input (kg/ha) = 1600

Uptake (kg/ha) = Dry mater yield (kg/ha) (2)

x Nutrient concentration (g/kgDM)

Soil surplus estimated (kg/ha) (3)

= input(kg/ha)—plant uptake(kg/ha)

Soil surplus measured (kg/ha) =

10° “
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2.2 Plant Growth Experiment

The plant growth experiment was conducted at the
University of South Australia greenhouse using the
contaminated soil collected from the land treatment
sites. The wastewater used in this experiment was col-
lected from the Primo abattoir at Port Wakefield, which
was rich in major plant nutrients such as total nitrogen
(TN) and total phosphorus (TP).

A completely randomised block design was
employed for the plant growth experiment, where four
plant species (P. purpureum, M. sativa, S. alba and
H. annuus) were grown separately on three different
soils (CI, CNI and CTRL) in plastic pots (W177 mm,
H175 mm, L 177 mm). The pots were irrigated with
AWW and TW at two different loading rates (100 and
150 % of FC; based on current practice), and each
treatment was replicated three times. The objective for
using two different nutrient loading rates was to study
the effects of AWW irrigation on soil fertility, plant
growth and total dry matter yield (DM yield). The plants
were harvested 120 days after planting, oven-dried and
used for analyses (Plate 1).

2.3 Characterisation of Plant and Soil Samples After
Harvest

After harvesting the plants, the roots and shoots were
separated, washed with Milli-Q water and the fresh
weight was recorded. The samples were then dried to
constant weight at 70 °C by using a forced-air oven and
ground to a fine powder for TN and TP analysis. The
ground plant material (0.4 g) was weighed directly into a
75-mL digestion tube. Approximately 5 mL of concen-
trated nitric acid was added and left to cold digest in a
fume cupboard overnight. After keeping the samples

100 —

Plate 1 a, b, c, d Testing the
biomass productivity of

overnight, the tubes were heated using a temperature-
controlled digestion block (AI Scientific Block
Digestion System AIM 500) programmed to slowly
increase the temperature to 140 °C until approximately
1 mL of the digest remained in the tube. The tubes were
brought to room temperature prior to dilution with Milli-
Q water. The samples were mixed thoroughly and fil-
tered with a syringe filter directly into plastic containers.
The digested plant extracts (along with blanks) were
analysed for TP by ICP-OES (Agilent). After the de-
structive harvest of plant material, the soil was carefully
removed from the pot and dried and stored for further
physicochemical analyses. The soil samples were
analysed for TN, nitrate-N, ammonia-N, TP and Olsen
P after the experiment.

2.4 Statistical Analysis

SPSS (Inc., 2001) was used to analyse the data (Pearson
correlation and two-sample ¢ test). The differences in the
replicates were determined using standard deviation for
the chemical properties of materials used and also the
experimental results. Relationships between AWW and
plant growth parameters were analysed using a Pearson
correlation coefficient. The difference between the
AWW and TW irrigation was studied using a two-
sample ¢ test and the significant level was p <0.001.

3 Results and Discussion

3.1 Properties of Soils and Wastewater Used in this
Experiment

The soils used in this study were collected from an
abattoir wastewater discharged landfill site at different
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points such as currently irrigated (CI), currently not
irrigated (CNI) and soil outside the irrigation area as
control (CTRL). The collected samples were air-dried,
characterised for physicochemical properties and used
for greenhouse plant growth experiment. Soil collect-
ed from the land treatment site was moderately alka-
line; the pH of the CI soil was moderately acidic
(6.3), with CNI and CTRL measuring 8 and 8.6,
respectively. The electrical conductivity was very high
ranging from 500 to 1109 uS/cm. The nutrient con-
tents in CI were up to 2080 mg/kg of nitrogen (N)
and 489 mg/kg of phosphorus (P); in the CNI soil, it
was 1634.6 mg/kg of N and 327 mg/kg of P; and in
the control soil, 669 mg/kg of N and 98.6 mg/kg of P
were recorded. The CNI soil also expressed a high
concentration of major nutrients but comparatively
lower than the CI and significantly higher than the
CTRL soil. The wastewater sample was characterised
for their major nutrient concentration (N and P) im-
mediately after collection. The CI soil was high in
TN and TP at available nutrient concentrations. The
AWW used in this experiment contained high TN and
TP concentration (186 mg/L of N and 30.4 mg/L of
P). Generally, wastewater irrigation promote plant
growth directly by either facilitating resource acquisi-
tion (nitrogen, phosphorus and micronutrients) or
modulating plant hormone levels or indirectly by
decreasing the inhibitory effects of various pathogens
on plant growth and development in the forms of
biocontrol agents (Glick, 2012). The AWW irrigation
had significant impacts on the soil physiochemical
property of the soils.

The soil irrigated with abattoir wastewater had a
significant increase in the nutrient content of both mac-
ronutrients (N, P, K) and micronutrients (Ca, Mg, Zn,
Fe, Al, Bo) compared to the non-irrigated control sam-
ples. Long-term wastewater irrigation (>22 years) can
cause changes in soil properties, especially high loading
of C, N and P; due to this, microbial C were doubled
(Sparling et al., 2000). The soil characterisation
(postharvest) results showed that there is a considerable
variation in the primary nutrient (N and P) concentration
between the samples of CI, CNI and CTRL. For exam-
ple, the TN concentration of CI soils increased about
19 % as compared to control. Similarly, TP increased to
about 253 % in CI as compared to control pots. The
similar response was found in the CNI soil as well. In
these experimental pots, the TP content increased to
about 179 % in CNI soil pots compared to control. On

the other hand, TN decreases up to 10 % as compared to
CTRL soil, which was never been irrigated with
nutrient-enriched AWW. The increases in soil nutrient
concentration can enhance the DM yield on the above
ground (Truu et al., 2009). The total N content of the CI
soil (1764.3 mg/kg) was significantly higher than the
CTRL soil (1483.1 mg/kg). Similarly, TP followed a
similar pattern, which increased from 28.7 mg/kg
(CTRL soil) to 223 mg/kg (CI soil) (Table 1).

3.2 Effect of Different Soil Types on Plant DM Yield
in Four Different Crops Irrigated with Wastewater

The effect of AWW irrigation on soil fertility and plant
biomass yield of the selected plant species
(P. purpureum, M. sativa, S. alba and H. annuus) were
examined. The results showed that the application of
AWW to the low-fertile soils resulted in an increase in
soil fertility status. The total DM yield significantly
increased in both CI and CNI pots as compared to the
CTRL; however, the yield increase in CI versus CNI
was moderate (Fig. 1). In CI soil, the overall dry matter
production was higher (80 g/pot) compared to that of the
CNI (66 g/pot) and CTRL soil being 40 g/pot based on a
combination of all treatments. The DM production
reflected the soil nutrient contents with mainly TN and
TP present in the soils. Sparling et al. (2001) observed
increases in total DM production in CI soils. Similarly,
Picchioni et al. (2012) found that CI soil produced
higher biomass yield than CNI did. Both authors con-
cluded that these changes in biomass production were
caused by the nutrient addition through effluent
irrigation.

The difference in the total DM production of the
three different soils may be attributed to the difference
in the amount of total and available nutrients in the soil
such as nitrate-N and Olsen P. There was a statistically
significant effect of AWW irrigation on soil available
nutrients in the CI and CNI treatments (Table 1). AWW
irrigation and different loading rates had significant
impacts on the soil properties. In comparison with
TW, AWW showed significant increases in the soil
nutrient content. In the current pot experiment, the soil
irrigated with AWW had a significant increase in the
nutrient contents of both total (TN and TP) and avail-
able (nitrate-N, ammonia N, Olsen P) compared to the
TW-irrigated pots. The soil characterisation results after
plant harvest showed that there was a considerable
variation in the primary nutrient concentration and
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Table 1 Effects of abattoir wastewater irrigation on soil properties and plant growth and development (mean +s.d.; n = 114; comparison of the effects of three types of soils = CI, CNI and

CTRL soils)

@ Springer

CNI Sig. diff.

CI

Sig. diff.

CNI

CTRL

Sig. diff

CI

CTRL

Properties

n.s

1337.9+90.7

1764.3 £143

n.s

1483.1+12.4 1337.9+9.7

n.s

17643 +14.3

1483.1+12.3

Total N (mg/kg)

n.s
£<0.001

1189+134

164.5+11.4

1189+1.4

91.5+0.9
18.7+0.1
942+1.8

£<0.001
p<0.001
p<0.001
£<0.001
p<0.001

n.s

164.5+1.4

91.5+0.9
18.7+0.1
942+1.8

Nitrate-N (mg/kg)

239+3.3
263.2+13.6

56.9+5.2

p<0.001
p<0.05

23.9+0.3
263.2+1.3

56.9+0.5

Ammonia-N (mg/kg)
Total P (mg/kg)
Olsen P (mg/kg)

K (mg/kg)

Tillers

n.s
»<0.001

£<0.001

332.7+34

332.7+3.4

67.7+8.2
6487.7+£172.5

67.7+0.8 »<0.001 1233+14.7
p<0.001

6487.7+£17.5

36.3+0.3
331453
2.8+04

1233+1.4
40.2+0.7

36.3+0.3
3315

551242345

5512+23.4

n.s

42+0.6
66.7+6.2

51+1
793+7.4

n.s
»<0.001

42+0.6
66.7+0.6.

5.1+0.1
79.3+0.7

2.8+04
40.2+0.3

n.s

»<0.001

DM yield (g)

ns not significant

available nutrients between the samples of CI, CNI and
CTRL and the extended treatments of AWW 100 % FC
and AWW 150 % FC (Fig. 1). For example, the soil
types (CI and CTRL) were compared for all AWW
treatments and most of the nutrients (TN, nitrate-N,
ammonia-N, TP, Olsen P) significantly increased
(P<0.001) in the same treatment, and total DM pro-
duction was also significantly different (P <0.001)
(Table 2). Wastewater irrigation can enhance soil fertil-
ity and productivity of the soil through increasing levels
of plant nutrients and soil organic matter (Mohammad
and Mazahreh, 2003), and they concluded that second-
ary treated wastewater can improve soil fertility param-
eters. However, proper irrigation management and pe-
riodic monitoring of soil quality parameters are required
to minimise the adverse effects on the soil. Based on the
data presented by Jiménez (2005), the addition of ni-
trogen and phosphorus increased the productivity and
phosphorus accumulation in soils increased phosphorus
absorption by plants. Wastewater irrigation in the Tula
Valley in Mexico provides 2400 kg of organic matter,
195 kg of nitrogen, and 81 kg of phosphorus ha™'
year !, contributing to significant increases in crop
yields (Jiménez, 2005). Vazquez-Montiel et al. (1996)
observed that the main removal mechanism for N dur-
ing irrigation was crop uptake whereas P was removed
primarily by soil processes. The fertiliser value of the
treated effluent was demonstrated by increased crop
yields, and the N yield was within the range of expected
values for this crop.

3.3 Effect of Different Loading Rates on Plant DM
Yield of Four Different Crops Irrigated with Wastewater

The DM yield data obtained from the plant growth
experiment of all the four crops (P. purpureum,
M. sativa, S. alba and H. annuus) showed similar trends
of increased yield under highly fertile conditions. The
CI soil irrigated with AWW (100 and 150 % FC),
showed higher yields compared to TW irrigation under
the same loading rates (Fig. 2). The CNI and CTRL soils
showed similar trends. This is attributed to the supply of
high rate of irrigation and the resultant nutrients sup-
plied; wastewater supplies readily available plant nutri-
ents such as nitrate-N, ammonia-N and Olsen P for the
better growth and development of the plants. This
resulted in increased plant growth and development
thereby effecting high DM production. Picchioni et al.
(2012) used secondary treated industry wastewater with
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FC field capacity, NG Napier grass, ALF alfalfa, MUS mustard, SF’

sunflower

Table 2 Effects of abattoir wastewater irrigation on soil properties and plant growth and development (mean £s.d.; n = 114; comparison of
overall effects of four treatments (AWW and TW at 100 and 150 % FC each) against three types of soils (CI, CNI and CTRL soils)

Properties AWW 100 FC TW 100 FC Sig. diff. AWW 150 FC TW 150 FC Sig. diff.
Total N (mg/kg) 1578.6+12.1 1130.1£9.2 p<0.005 2363.2+14.3 1041.9+8.7 »<0.001
Nitrate-N (mg/kg) 1402+1.3 69.3+0.9 p<0.001 197.1£1.2 93.5+0.6 p<0.001
Ammonia- N (mg/kg) 35+0.3 27.5+04 n.s 41.9+0.5 282+0.3 n.s
Total P (mg/kg) 2473429 1582+24 n.s 347+34 167.7+2.9 p<0.001
Olsen P (mg/kg) 90.8+1.2 36.3+0.5 p<0.001 130+1.7 46.2+0.7 p<0.001
K (mg/kg) 3730.1+43.5 4459.2 +54.1 ns 4035.1+46.2 4216+46.2 n.s
Tillers 5+1 24+03 n.s 5.6+1 32405 n.s
DM yield (g) 76.9+0.7 33.3+0.6 p<0.001 96.8+0.8 41.5+0.8 p<0.001
Plant height (cm) 88.9+6 91.2+5 n.s 922+6 91.6+4 n.s

ns not significant

@ Springer



253 Page 8 of 16

Water Air Soil Pollut (2016) 227: 253

A o
_ Loading type
AWW 100 % FC
—l— AWW150% FC
—@— TW100%FC
60 —| —db— TW150%FC
£
S
=
=)
T
<
c
<
o
b -Mus(ard
160—
— Graph 1
—@— AWW100 % FC
—— Aww 150 % FC
120— —@—— TW100%FC
—b—— TW150 % FC
= 4
S
=
S 80—
9]
<
=
c
© B
o
40
0
\ \ \ \ \
0 20 40 60 80 100

DAS

60
- Loading types
—@— AWW100%FC
—— AwWw 150 % FC
—4@—— TW100%FC
= —b—— TW 150 % FC
£ 40 —
g
=
=)
©
< —
<
®©
o
20 —
0 \ \ \ \ |
0 20 40 60 80 100
DAS
160 —
B Loading types
AWW 100 % FC
—— Aww 150 % FC
120 —@—— TW100%FC
——b—— TW150 % FC
€
o i
=
=)
E
< 80 —
®©
o
40 —
0 \ \ \ \ \
0 20 40 60 80 100

DAS
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various irrigation flow systems (effluent alone and ef-
fluent plus rainfall) to study their effect on soil fertility
and DM yield of natural vegetation of Chihuahuan
desert shrubland (Larrea tridentata, Coville and
Prosopis glandulosa Torr. var. glandulosa). They ob-
served that 78 % of the increase in dry matter production
in the irrigated soils was due to effluent addition which
supplied sufficient nutrients (Picchioni et al., 2012).
Similarly, a study by Ercoli et al. (1999) found that
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irrigation did not modify the biomass yield without
sufficient nutrient supply; increased irrigation rate with
increased N supply increased the DM yield to
37 tha ' year ' with N supply and irrigation. To sub-
stantiate the above observation, similar results were
found in this research; the combination of high rate of
irrigation (AWW 150 %) with sufficient nutrient con-
centration resulted in higher DM yield compared to
lower irrigation rates with poor nutrient supply (TW
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100 % FC). In the case of CTRL soil, the overall yield
showed less influence of TW irrigation compared to
AWW, whereas there was an increase in DM yield on
the AW W-irrigated CTRL pots. There were no signifi-
cant differences in the plant DM yields between the TW
100 % and TW 150 % in the CTRL soil in the current
plant growth experiments. In the case of crops, AWW
irrigation showed significantly higher biomass yields
compared to TW as evident from AWW?’s nutrient rich-
ness (Figs. 2). In P. purpureum, at the highest treatment
(150 % FC), AWW irrigation produced 275 % higher
biomass yield compared to TW at the same rate.

The yields for M. sativa, S. alba and H. annuus under
AWW irrigation were 126, 183 and 74 %, respectively,
compared to TW irrigation. However, in the case of
loading rates of AWW and TW individually, only
P purpureum and S. alba showed significantly higher
biomass yield (Fig. 2). There was no significant effect of
two loading rates in TW, which suggested that moisture
content was sufficient at 100 % FC and that the nutrients
were responsible for the difference in yields. A Pearson
correlation matrix was done for all the types of waste-
waters and the two loading rates used in this study. The
effects of the major and micronutrients in the soil were
positively correlated with the soil TN and TP. For ex-
ample, nitrate-N, TP, Olsen P, K and shoot diameter
were positively correlated with soil TN concentration.
Similarly, the total number of tillers, shoot diameter and
plant height were positively correlated with TP. On the
other hand, the following correlation matrix was ob-
served under the AWW treatment (alone). The TN was
positively correlated with the TN, TP, Olsen P and DM
yield. In the same treatment condition, Olsen P was
positively correlated with the total number of tillers
and DM yields of the plant species used. Similarly, in
the TW (alone) treatment, the TN was positively corre-
lated with TP and shoot diameter. Under the same
treatment conditions, Olsen P was negatively correlated
with the plant height of the plants species used (Table 3).
Wastewater is reused for agriculture is efficient and safe,
considering both farmers’ needs and health protection
measures (Rosenqvist et al., 1997). According to
Rosenqvist et al. (1997), an increased wastewater appli-
cation rate, increased biomass production and the re-
duced costs for the farmer have a limited impact on the
economical result. However, an increased biomass pro-
duction probably enables an increased N-application
without risks for N-leakage. Based on a study by
Rusan et al. (2007), long-term wastewater irrigation

increased salts, organic matter and plant nutrients in
the soil. Also, they concluded that the biomass increased
with added wastewater and nutrients provided with the
wastewater. However, a longer period of wastewater
application (10 years) resulted in lower biomass produc-
tion but remained higher than that of the control plants.
Plant essential nutrients (Total-N, NOs ™, P, and K) were
higher in plants grown in soils irrigated with wastewater
(Rusan et al., 2007).

3.4 Effects of Wastewater Types and Loading Rate
on the Plant Height of the Four Plant Species

Over the study period, changes in plant growth were
measured every 10 days by recording the plant height.
The measurement was taken to study the changes be-
tween the wastewater treatment (AWW vs TW) and
differences between the loading rates (100 and 150 %
FC). Figure 3 shows that there were no significant
differences between the AWW 100 and AWW 150 %
FC in the plant height. During the first phase of the
growth (0-30 DAS), there was a minimal difference in
growth (in terms of plant height) and at the middle stage
(6090 DAS), there were no significant differences and
at the end of the cropping cycle, there was little differ-
ence in the plant height of the various treatments used
(Plates 1). There were not many differences in the plant
height of the four crops tested with four different com-
binations (nutrient loading pattern). The height of the
plant at each treatment which was measured at 10-day
intervals is presented in Fig. 3a, b, and the maximum
height of the four crops was in the following order:
P. purpureum reached approximately 63 cm; M. sativa
59 cm, S. alba 136 cm and H. annuus reached a max-
imum of 120 cm at the time of harvesting (Fig. 3).

3.5 Effects of Wastewater Types and Loading Rate
on the Plant Thickness of Stem of the Four Plant Species

At the end of the plant growth experiment, thickness of
stem was measured. The changes in stem thickness were
measured in 100 DAS, at the time of harvesting. The
measurement was taken to study the changes between
the wastewater treatment (AWW vs TW) and differ-
ences between the loading rates (100 and 150 % FC).
There was a significant difference between wastewater
and TW irrigation; the wastewater-irrigated pots showed
an average stem thickness of 3 to 3.2 ¢cm, whereas in
TWe-irrigated pots, the thickness was only 2-2.2 cm.

@ Springer
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Table 3 Pearson correlation coefficients of AWW- and TW-irrigated soil properties and plant growth parameters (n = 114) (overall effects

on three types of soils = CI, CNI and CTRL soils)

Properties Total N Nitrate-N Ammonia-N Total P OlsenP K Tillers DM Plant

(mg/hkg)  (mgkg) (mg/kg) (mg/kg)  (mg/kg) (mg/kg) yield height
(€3] (cm)

Total N (mg/kg) 1

Nitrate-N (mg/kg) 0.007 1

Ammonia-N (mg/ 0430°  0.637° 1

kg)

Total P (mg/kg) 0.688°  —0.004 0.248 1

Olsen P (mg/kg) 0.443®  0.187 0.298 0578° 1

K (mg/kg) 04117 0.238 0.255 0.749°  0.331° 1

Tillers 0319 -0.331° 0.055 0.608°  0.282 0312 1

DM yield (g) -0.420°  0.564° 0.174 -0.125  -0.039 0301 -0292 1

Plant height (cm) -0.492°  0.32 -0.121 -0.404* 0265  —0.052 -0.690°  0.733" 1

# Correlation is significant at the 0.05 level
® Correlation is significant at the 0.01 level

Figure 4 shows significant differences in the thickness
of stem between the AWW (100 and 150 %) and TW
(100 and 150 %) treatments. Dairy effluent irrigation
can increase plant growth and produce nutritious bio-
mass (percentage of biomass as leaves) thus resulting in
increased nutrient cycling (Marmiroli et al., 2012).
Stewart et al. (1990) found that land disposal of munic-
ipal effluent by irrigating tree crops is feasible on the
high rates of wood production.

Based on a research by Luo et al. (2004), it is con-
cluded that application of meat processing effluents can

Thickness of stem (cm)

T AWW (100) (150) TW (100) TW(150)
(%FC)

Fig.3 a Effects of nutrient loading types on plant height of Napier
grass and alfalfa, (AWW abattoir wastewater, TW tap water, FC
field capacity). b Effects of nutrient loading types on plant height
of mustard and sunflower (AWW abattoir wastewater, 7W tap
water, FC field capacity)

@ Springer

increase plant production due to increased nutrient load-
ings. According to this research, about 23-45 % of the
applied effluent N and 22-31 % of the applied effluent P
were recovered in the plants with increased annual DM
production. Santos et al. (2013) concluded that the sup-
ply of nutrient source (N source) in the growth medium
enhances the forage yield of the tropical grass by direct
influence on plant growth and development (tillers and
leaves) and by promoting better plant root system.

3.6 Effects of Wastewater on Plant Nutrient Uptake
and Nutrient Budgeting

The results of the plant tissue analysis suggest that
AWWe-irrigated plants had higher nutrient uptake from
the soil, based on higher tissue concentrations of N, P
and K, and that the accumulation of primary nutrients
(N-P-K) was higher under wastewater irrigation. The
concentration of nutrients in the tissues of the plants in
CI, CNI and CTRL soils varied significantly. The order
of uptake found in the current study was as follows:
AWW 150 > AWW 100 > TW 150 > TW 100 % FC.
The nutrient uptake and DM yield potential were direct-
ly related to each other. For example, the CI soil with
AWW 150 % FC showed higher DM yield and higher
nutrient uptake (tissue concentration); similarly, CTRL
soil with TW 100 % FC showed poor yield and nutrient
uptake.
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T CARE (. CARE (o

Fig. 4 Effects of water types and nutrient loading on the thickness of stem of the four different plant species. Error bars represent the
standard deviation (AW W abattoir wastewater, 71 tap water, FC field capacity)

3.7 Nutrient Budgeting for Effective Nutrient
Management

Nutrient budgeting is an essential tool to measure and
monitor the nutrient input and output ratio in a farmland
(Oenema et al., 2003). This section shows the results
obtained from the plant growth experiment and nutrient
budgeting based on the nutrient loading through waste-
water and discusses the differences between the predict-
ed values and the measured value to evaluate the loss of
nutrients as utilised by plants. Overall, the CI soils
demonstrated good response in terms of input and out-
put ratio as a result of high DM yield. In the CI soils, the
nutrient budgeting showed that the applied (100 %)
nutrients were utilised by the crop uptake (41 %) and
soil storage (49.2+5 % as measured) and very mini-
mum was recorded as possible loss (less than 9.3 +7 %
(as predicted) (Table 4).

The CNI soils showed similar trends as CI soils
with crop uptake (35.9 %), soil storage (54.7 %) and
possible loss (9.4 %) (Table 5). In the case of CTRL
soils, a completely different input-output ratio was

observed since the soils’ original nutrient content
was very low as compared to the CI and CNI In
this soil type, more than 47.2 % of the applied
nutrients were utilised by the crop growth and de-
velopment and 40.5 % was stored in the soil. The
loss was 12.3 %. Similar estimates were observed by
Holscher et al. (1996) with a nutrient output of K
(61 %) and P (62 %) (Table 6). Based on a study
by Korom and Jeppson (1994) about 24 % of the N
and 0.2 % of the TP applied leached through the
soil zone of the sewer farm. Similarly, a study by
Geber (2000) found that the amount of N removed
increased with increased nutrient load. Applied
amounts of P were the same as P in harvested
biomass. In this experiment, three kinds of grass
such as Phalaris arundinacea L., Alopecurus
pratensis L. and Bromus inermis Leyss were irrigated
with a mixture of treated effluent and supernatant at
two levels of intensity. There were differences in
DM yield between the grass species used in this
experiment. Farm effluent is becoming increasingly
recognised as an alternative source of irrigation water

@ Springer
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and should be utilised for its mineral content rather
than waste disposal (Longhurst et al., 2000). It is
best to develop environmentally friendly nutrient da-
tabases to guide producers in applying wastewater at
correct N application rates that will result in better
water quality and sustainable production systems
(Kanwar et al., 2010).

4 Conclusions

The overall DM yield was compared between the soils
and the treatments. Under wastewater irrigation, among
the four species grown in the CI soil, P. purpureum and
H. annuus showed high biomass yields, followed by
S. alba and M. sativa. The application of nutrient-rich
wastewater increased biomass yield and plant height
significantly in all the tested plants. Plants were grown
under currently irrigated (CI) soil with 100 % field
capacity showed significantly higher biomass yield than
did those under the non-irrigated control field (CTRL)
soil, which is attributed to higher nutrient input from
AWW irrigation.

The plants grown under CTRL soil with TW irriga-
tion showed significantly lower biomass yield.
Similarly, the yield of CI and CNI soil were also found
to be less in TW-irrigated soil due to poor nutrient
supply. On the other hand, the application of AWW in
the low fertile soil increased nutrient availability to
plants thereby increasing plant height and DM yield.
The plants grown under tap water showed about 70 %
lower yields compared to the AWW irrigation. Similar
trends in the biomass yields were observed for CNI and
CTRL soils under the two water treatments, with the
biomass yields in the following order: CI > CNI >
CTRL soils. The results confirm the beneficial effects
of AWW irrigation at the greenhouse level. However, a
proper cropping pattern and wastewater irrigation man-
agement plan are essential to utilise the nutrients avail-
able in the wastewater-irrigated land treatment sites. The
increase in fertility is evident from the effects of waste-
water on biomass growth and also the abundance of
nutrients accumulated in plants. A mass balance calcu-
lation on the applied, residual and the plant-accumulated
nutrients over a few cropping periods will help us in
understanding the nutrient cycling processes involved in
the abattoir-irrigated land treatment sites, which will
serve as an effective tool for the environmental
management.

Acknowledgments [ would like to thank (first author) the Uni-
versity of South Australia for the UPS scholarships and CRC for
Contamination Assessment and Remediation of the Environment
for the CRC-CARE scholarships to undertake research on Nutrient
management in abattoir wastewater discharged soil.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.

References

Armell, N. W. (1999). Climate change and global water resources.
Global Environmental Change, 9, S31-S49.

Arvanitoyannis, 1. S., & Ladas, D. (2008). Meat waste treatment
methods and potential uses. International Journal of Food
Science Technology, 43(3), 543-559.

Australian Bureau of Statistics (ABS), (2011). Water account for
Australia. www.abs.gov.au.

Australian Meat Processor Corporation (AMPC), (2012). www.
ampc.com.au.

Bennett, E. M., Carpenter, S. R., & Caraco, N. F. (2001). Human
impact on erodable phosphorus and eutrophication: a global
perspective increasing accumulation of phosphorus in soil
threatens rivers, lakes, and coastal oceans with eutrophica-
tion. BioScience, 51(3), 227-234.

Bixio, D., Thoeye, C., De Koning, J., Joksimovic, D., Savic, D.,
Wintgens, T., & Melin, T. (2006). Wastewater reuse in
Europe. Desalination, 187(1), 89—-101.

Bolan, N. S., Bell, K., Krishan, A. K., & Chung, J. W. (2011).
Irrigating horticultural crops with recycled water: an
Australian perspective. Journal of Horticultural Sciences,
6(1), 1-20.

Chen, M., & Ma, L. Q. (2001). Comparison of three aqua regia
digestion methods for twenty Florida soils. Soil Science
Society of America Journal, 65(2), 491-499.

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z. I.,
Knowler, D. J., Lévéque, C., Naiman, R. J., Prieur-Richard,
A. H., Soto, D., & Stiassny, M. L. (2006). Freshwater biodi-
versity: importance, threats, status and conservation chal-
lenges. Biological Reviews, 81(2), 163—182.

Ercoli, L., Mariotti, M., Masoni, A., & Bonari, E. (1999). Effect of
irrigation and nitrogen fertilization on biomass yield and
efficiency of energy use in crop production of Miscanthus.
Field Crops Research, 63(1), 3—11.

Geber, U. (2000). Nutrient removal by grasses irrigated with
wastewater and nitrogen balance for reed canary grass.
Journal of Environmental Quality, 29(2), 398—406.

Glick, B. R. (2012). Plant growth-promoting bacteria: mechanisms
and applications. Scientifica, 2012, 963401.

Gourley, C., Powell, J., Dougherty, W., & Weaver, D. (2007).
Nutrient budgeting as an approach to improving nutrient
management on Australian dairy farms.

@ Springer


http://www.abs.gov.au/
http://www.ampc.com.au/
http://www.ampc.com.au/

253 Page 16 of 16

Water Air Soil Pollut (2016) 227: 253

Grant, C. A. (2011). Influence of phosphate fertilizer on cadmium
in agricultural soils and crops. Pedologist, 54, 143—-155.
Hoélscher, C., McGlinchey, L., Anwyl, R., & Rowan, M. J. (1996).
7-Nitro indazole, a selective neuronal nitric oxide synthase
inhibitor in vivo, impairs spatial learning in the rat. Learning

Memory, 2(6), 267-278.

Jiménez, B. (2005). Treatment technology and standards for agri-
cultural wastewater reuse: a case study in Mexico. lrrigation
and Drainage, 54(S1), S23-S33.

Kanwar, R., Burns, R., Estany, J., Nogareda, C., & Rothschild, M.
(2010). Environment control and animal wastewater man-
agement systems. Adapting animal production to changes for
a growing human population, proceedings of international
conference (pp. 119-128). Lleida: University of Lleida Press.
Citeseer.

Korom, S. F., & Jeppson, R. W. (1994). Nutrient leaching from
alfalfa irrigated with municipal wastewater. Journal of
Environmental Engineering, 120(5), 1067-1081.

Li, C. T., & Huang, C. S. W. J. S. (1986). Chemical/bio-fluidized
bed treatment of slaughterhouse wastewater. Journal of
Environmental Engineering, 112, 718.

Longhurst, R., Roberts, A., & O’Connor, M. (2000). Farm dairy
effluent: a review of published data on chemical and physical
characteristics in New Zealand. New Zealand Journal of
Agricultural Research, 43(1), 7-14.

Luo, J., Lindsey, S., & Xue, J. (2004). Irrigation of meat process-
ing wastewater onto land. Agriculture, Ecosystems
Environment, 103(1), 123-148.

Marmiroli, M., Robinson, B. H., Clothier, B. E., Bolan, N. S.,
Marmiroli, N., & Schulin, R. (2011). Effect of dairy effluent
on the biomass, transpiration, and elemental composition of
Salix kinuyanagi. Biomass and Bioenergy, 37, 282-288.

Marmiroli, M., Robinson, B. H., Clothier, B. E., Bolan, N. S.,
Marmiroli, N., & Schulin, R. (2012). Effect of dairy effluent
on the biomass, transpiration, and elemental composition of
Salix kinuyanagi Kimura. Biomass and Bioenergy, 37, 282—
288.

Matheyarasu, R., Seshadri, B., Bolan, N., & Naidu, R. (2012).
Nutrient management in effluents derived from agricultural
industries: an Australian perspective. Sustainable Irrigation
and Drainage: Management, Technologies and Policies, 54,
213.

Mohammad, M. J., & Mazahreh, N. (2003). Changes in soil
fertility parameters in response to irrigation of forage crops
with secondary treated wastewater. Communications in Soil
Science and Plant Analysis, 34(9-10), 1281-1294.

Morin, S., Whalen, J., Barrington, S., & Lin, X. (2007). Soil
nutrient load and drain water quality in seepage fields receiv-
ing milk house wastewater. Water, Air, and Soil Pollution,
181(1-4), 51-63.

Oenema, O., Kros, H., & de Vries, W. (2003). Approaches and
uncertainties in nutrient budgets: implications for nutrient
management and environmental policies. European Journal
of Agronomy, 20(1), 3—16.

Olsen, S. R., Cole, C. V., Watanabe, F. S., & Dean, L. A. (1954).
Estimation of available phosphorus in soils by extraction
with NaHCOj;. Washington, DC: US Department of
Agriculture Circular, 939.

Picchioni, G. A., Shukla, M. K., Mexal, J. G., Babcock, M., Ruiz,
A., Sammis, T. W., & Rodriguez, D. S. (2012). Land

@ Springer

application of treated industrial wastewater on a
Chihuahuan Desert Shrubland: implications for water quality
and mineral deposition. Arid Land Research and
Management, 26(3), 211-226.

Raghupathi, M., Seshadri, B., Bolan, N. S., & Ravi, N. (2014).
Impacts of abattoir wastewater irrigation on soil fertility and
productivity. Irrigation and Drainage Systems. doi:10.5772
/59312.

Rayment, G. E.,& Lyons, D. J. (2011). Soil chemical methods:
Australasia. Collingwood: CSIRO Publishing.

Reuter, D., Edwards, D., & Wilhelm, N. (1997). Temperate and
tropical crops. In D. J. Reuter & J. B. Robinson (Eds.), Plant
analysis: an interpretation manual’ (pp. 83-284). CSIRO
Publishing: Melbourne.

Rivera, F., Warren, A., Curds, C. R., Robles, E., Gutierrez, A.,
Gallegos, E., & Calderon, A. (1997). The application of the
root zone method for the treatment and reuse of high-strength
abattoir waste in Mexico. Water Science and Technology,
35(5), 271-278.

Rosenqvist, H., Aronsson, P., Hasselgren, K., & Perttu, K. (1997).
Economics of using municipal wastewater irrigation of wil-
low coppice crops. Biomass and Bioenergy, 12(1), 1-8.

Ruiz, 1., Veiga, M., De Santiago, P., & Blazquez, R. (1997).
Treatment of slaughterhouse wastewater in a UASB reactor
and an anaerobic filter. Bioresource Technology, 60(3), 251—
258.

Rusan, M. J. M., Hinnawi, S., & Rousan, L. (2007). Long term
effect of wastewater irrigation of forage crops on soil and
plant quality parameters. Desalination, 215(1), 143-152.

Santos, J. H. d. S., Bona, F. D. D., & Monteiro, F. A. (2013).
Growth and productive responses of tropical grass Panicum
maximum to nitrate and ammonium supply. Revista
Brasileira de Zootecnia, 42(9), 622—628.

Sparling, G. P., Shepherd, T. G., & Schipper, L. A. (2000). Topsoil
characteristics of three contrasting New Zealand soils under
four long-term land uses. New Zealand Journal of
Agricultural Research, 43(4), 569-583.

Sparling, G. P., Shepherd, T. G., & Schipper, L. A. (2001). Topsoil
characteristics of three contrasting New Zealand soils under
four long-term land uses. New Zealand Journal of
Agricultural Research, 43(4), 569-583.

Sparling, G., Barton, L., Duncan, L., McGill, A., Speir, T.,
Schipper, L., Amold, G., & Van Schaik, A. (2006). Nutrient
leaching and changes in soil characteristics of four contrast-
ing soils irrigated with secondary-treated municipal waste-
water for four years. Soil Research, 44(2), 107-116.

Stewart, H., Hopmans, P., Flinn, D., Hillman, T. (1990). Nutrient
accumulation in trees and soil following irrigation.

The Australian National Water Commission. (2011). The National
Water Initiative-securing Australia’s water future: 2011 as-
sessment. Canberra: NWC.

Toze, S. (2006). Reuse of effluent water—benefits and risks.
Agricultural Water Management, 80(1), 147-159.

Truu, M., Truu, J., & Heinsoo, K. (2009). Changes in soil micro-
bial community under willow coppice: the effect of irrigation
with secondary-treated municipal wastewater. Ecological
Engineering, 35(6), 1011-1020.

Vazquez-Montiel, O., Horan, N. J., & Mara, D. D. (1996).
Management of domestic wastewater for reuse in irrigation.
Water Science and Technology, 33(10), 355-362.


http://dx.doi.org/10.5772/59312
http://dx.doi.org/10.5772/59312

	Abattoir Wastewater Irrigation Increases the Availability of Nutrients and Influences on Plant Growth and Development
	Abstract
	Introduction
	Materials and Methods
	Contaminated Site Assessment and Soil Sample Collection
	Plant Growth Experiment
	Characterisation of Plant and Soil Samples After Harvest
	Statistical Analysis

	Results and Discussion
	Properties of Soils and Wastewater Used in this Experiment
	Effect of Different Soil Types on Plant DM Yield in Four Different Crops Irrigated with Wastewater
	Effect of Different Loading Rates on Plant DM Yield of Four Different Crops Irrigated with Wastewater
	Effects of Wastewater Types and Loading Rate on the Plant Height of the Four Plant Species
	Effects of Wastewater Types and Loading Rate on the Plant Thickness of Stem of the Four Plant Species
	Effects of Wastewater on Plant Nutrient Uptake and Nutrient Budgeting
	Nutrient Budgeting for Effective Nutrient Management

	Conclusions
	References


